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ABSTRACT 
Jensen, A.L., 1991. Simulation of fish population responses to exploitation. Ecol. Modelling, 
55: 203-218. 
A model that couples Larkin's predator-prey model, Ivlev's feeding model, Ursin's growth 
equation and the exponential mortality model was applied for simulation of the responses of 
fish populations to exploitation. Simulations were done without food-limited growth, with 
food-limited growth, with food limited growth and size-specific mortality, and with food- 
limited growth and age at maturity a function of size. Without food-limited growth there was 
no compensation for exploitation and the population became extinct with an increase in 
mortality. With food-limited growth the population compensated for fishing mortality; as 
abundance decreased, size increased, and production of eggs by the population increased. 
With either mortality or age at maturity a function of size, compensation was much higher 
than with food-limited growth alone. Recruitment decreased with increase in exploitation. 
There was an association between numbers of spawners and recruits, but both the number of 
spawners and the number of recruits were determined by food limited growth. If age at 
maturity is a function of size, there are fluctuations in population abundance when fishing 
mortality is low, but not when fishing mortality is high. 
INTRODUCTION 
For conservation of fishieries, it is necessary to understand the responses 
of fish populations to exploitation. Many authors have reported that com- 
pensation for fishing occurs through increased survival of young and a 
decrease in age at maturity. Studies of both exploited fish populations 
(Beverton and Holt, 1957; Jensen, 1971; Cushing, 1975; Ricker, 1975; 
Healey, 1980) and laboratory fish populations (Silliman and Gutsell, 1958; 
Silliman, 1968, 1971; Dahlgren, 1979; Hankin, 1980) indicate that com- 
pensation for fishing occurs through increased fecundity, a decrease in age 
at maturity, or increased survival of young. The net reproductive rate was 
applied to show that only survival of young and age at maturity had the 
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capacity to compensate for large increases in mortality (Jensen, 1981). 
Components of a bioenergetic life history model were applied to determine 
the capacity of changes in life history parameters to compensate for in- 
creases in mortality, and again it was indicated that survival of young and 
age at maturity were the most important factors (Jensen, 1989). 
The connection between fishing mortality, age at maturity, and survival of 
young has not been clearly established, but one of the most remarkable 
features of fish is their high variation in growth which is inversely related to 
abundance. It often has been suggested that survival of larvae and age at 
maturity are related to the available food resource. A high density of fish 
that results in a shortage of food would rarely results in starvation (Ivlev, 
1961), but it can result in both poor condition and smaller sizes. Poor 
condition could result in lower lipid concentrations, fewer spawnings, a 
smaller number of gametes per gram of fish, lower nutrient levels in 
gametes, poorer condition of larvae, and a smaller percentage females 
(Hjort, 1914; Beverton and Holt, 1957; Ricker, 1975; Rothschild, 1986; 
Saila et al., 1987). A smaller size could result in fewer eggs per individual, 
older age at maturity, and a higher rate of predation. 
Parameters are difficult to estimate for models in which limited food 
resources result in poor condition, but most parameter estimates are readily 
available for models in which a limited food resource results in smaller sized 
individuals. Therefore, a model was developed and applied for simulation of 
population growth where ration was related to population abundance, 
growth was related to ration, and number of eggs per kg female was 
constant. Simulations were done with growth not dependent on ration, 
growth dependent on ration and fixed age specific mortalities, growth 
dependent on ration and mortality dependent on size, and growth dependent  
on ration and age at maturity a function of size. The objectives were to 
determine if such relations would enable a population to survive exploitation 
and attain a stable new population level, and, if this occurred, to examine 
the relations generated between fishing mortality and yield, fishing mortality 
and recruitment, and stock size and recruitment. 
The model was applied using data for the walleye (Stizostedion vitreum) 
population in the western basin of Lake Erie, but some parameters were 
estimated with data for other walleye populations. The walleye population 
of Lake Erie is of interest because it is of significant commercial and sport 
value, and well documented changes in abundance and growth have oc- 
curred during the past 15 years (Muth and Wolfert, 1986). 
T H E  M O D E L  
Simple, well established relations among food abundance, growth, and 
mortality were applied. Most of the components of the model are the same 
S I M U L A T I O N  OF  FISH POPULATION RESPONSES TO EXPLOITATION 205 
as those applied by Jensen (1989), but a new component was added for age 
at maturity, and the components were coupled. The model combines Larkin's 
(1956) predator-prey model, Ursin's (1967) bioenergetic growth model, 
Ivlev's (1961) feeding model, the exponential mortality model, and the 
relation between mortality and size developed by Peterson and Wroblewski 
(1984). 
Each year in the simulations was separated into four different time 
periods to describe the changing composition of the population during a 
year. During the winter the population consisted of juveniles and adults, and 
each age was simulated separately. Egg production occurred in the spring, 
starting the second time period. After the eggs hatched the third time period 
began, and the population consisted of larvae, juveniles, and adults. Later, 
in the fourth time period, after the larvae had become young of year, YOY, 
the population consisted of YOY, juveniles, and adults. Changes in the 
population and food concentration were calculated each day. At the end of 
365 days, ages were incremented by one year. 
Eggs are spawned in the spring; the number of eggs produced is: 
x r 
H Y'~ N ( x )  W ( x ) / 2  (1) 
i = x m 
where H is the average number of eggs per gram of female, N ( x )  is the 
abundance of age x individuals in the population at the time of spawning, 
and W ( x )  is the weight of age x individuals. The number of larvae hatching 
after the incubation period is sE, where E is the'number of eggs and s is the 
egg survival rate. 
The relation between predator abundance and prey abundance has been 
described with many different equations; for fish populations Larkin (1966) 
concluded that the classical equations of Lotka and Volterra do not apply 
because they indicate starvation of a predator when a prey species becomes 
extinct. At equilibrium the equations Larkin (1966) recommended become: 
U 1 = K 1 - blK1Uz/rl (2) 
where N~ is prey density, N 2 is walleye density, r~ is the prey population 
growth coefficient, K 1 is prey density at the carrying capacity, and bl 
measures the impact of predators on prey abundance. 
Growth was modelled using a bioenergetic growth model that combines 
the works of Winberg (1956), Ursin (1967) and Ivlev (1961). Based on 
Winberg's (1956)energy balance equation, Ursin (1967) proposed modelling 
growth as: 
d W / d x  = ef d R / r x  - Q (3) 
where d W / d x  is the growth rate (cal g-1 day- l ) ,  d R / d x  is ration (cal g-1 
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day- l ) ,  Q is the total metabolic rate (cal g-1 day - l ) ,  and ef is the efficiency 
of food utilization. Ursin (1967) modelled the rate of food consumption as: 
d R / d x  = b0(1 - A f ) f h W  m (4) 
where b 0 ( 1 -  A f )  is the amount  of food absorbed, which depends on the 
feeding level, f is the feeding level, 0 _< f < 1, and h is a coefficient of food 
consumption and b 0 and A are parameters. The rate of metabolism was 
separated into two components - feeding catabolism and fasting catabolism 
(Ursin, 1979): 
Q = a d R / d x  + k W  ~ (5) 
where a and k are parameters. 
The feeding level was a function of prey abundance,  and based on Ivlev's 
(1961) equation: 
f =  1 - e x p ( - S N a )  (6) 
where N 1 was prey density and S was a coefficient. For simplicity, it was 
assumed that some constant fraction b of the food ingested was absorbed, 
then the growth equation became: 
d W / d x  = C[1 - e x p ( -  SN1) ] W m - k W  ~ (7) 
where 
C = ( 1 - a ) b h  
Mortality was modeled with the exponential model: 
N ( x )  = N ( x o )  e x p [ - Z ( x  - x0) ] (8) 
where N ( x )  was abundance at age x, x 0 was the initial age, and Z was the 
instantaneous mortali ty coefficient. Mortali ty coefficients were dependent  
on age or size. 
In simulations where age at maturi ty was dependent  on size, the distribu- 
tion of weights at a given age was described using the logistic probabili ty 
distribution because its shape is similar to the normal distribution and its 
distribution function: 
F ( x )  = 1 - (1 + e x p [ ( W ( x )  - a ) / k ] )  -1 (9) 
can be found in closed form. In equation (9) the mean weight is a, and the 
variance of weight is k2~r2/3. The proportion of each age group larger than 
the weight at maturi ty was calculated at the time of spawning. I n  the 
cal, calorie (International Table) = 4.1868 J (def). 
SIMULATION OF FISH POPULATION RESPONSES TO EXPLOITATION 207 
simulations, each day the feeding level was calculated, then the amount of 
growth was calculated, and then abundance was calculated. 
P A R A M E T E R  E S T I M A T I O N  
The model was applied to the walleye population of the western basin of 
Lake Erie, and most of the parameter estimates are the same as in an earlier 
study (Jensen, 1989). Food concentration for larvae was set at 200 m g / m  3 , 
and assuming that food concentration increased with size of walleye, the 
values for YOY, juveniles, and adults were set at 1000, 1500, and 2000 
m g / m  3. The decreases in prey per walleye, as a result of feeding, were 
1 × 1 0  . 7  m g / m  3 for larvae, 5.0 x 10 .5 m g / m  3 for YOY, 7.5 x 10 .5 m g / m  3 
for juveniles, and 1 x 1 0  . 4  m g / m  3 for adults. 
Initial larval abundance was set at 1 × 107; this value is low, and was 
selected so that the approach to equilibrium could be observed. Age at 
maturity averaged 4 years, and the number of eggs per gram of female was 
74 (Eschmeyer, 1950). The oldest age attainable was set at 8 years. 
For the relation between the instantaneous mortality coefficient and 
weight, the parameter estimates of Peterson and Wroblewski (1984) of 1.92 
for the coefficient and to -0.25 for the exponent were used for adults, 
juveniles, and YOY, but as in Jensen (1989) a coefficient of 20 was used for 
larvae. In simulations where age at maturity was a function of size, the size 
at maturity was 1200 g and the variance was 100 g. 
M O D E L  V E R I F I C A T I O N  A N D  SENSITIVITY A N A L Y S I S  
The simulation model was verified by comparing yields calculated with 
the simulation model with yields calculated with the Beverton and Holt 
(1957) dynamic pool model. With the simulation model yield was calculated 
a s :  
x t, 
Y = Y~ F(N~W,. + N/+IW/+I)/2 (10) 
i = X M  
which is equivalent to approximation of the yield equation with the 
trapezoidal rule. For the Beverton and Holt (1957) model yield is: 
3 Un exp(_nKxm) { 1 -  e x p [ - ( F +  M + nK)(xo--xM)]} Y= FR Winf E -F---+-m-~-n-g 
n = 0  
(11) 
where U 0 = 1, U1 = - 3 ,  U 2 = 3, U 3 = - 1 ,  K is the growth coefficient, Wi. f 
is the asymptotic weight, M is the instantaneous natural mortality coeffi- 
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Fig. 1. Yield curves generated with the simulation model (the concaved down curve) and with 
the Beverton and Holt (1957) dynamic pool model (three asymptotic curves). For the middle 
asymptotic curve recruitment was equal to that obtained with F = 1.0 with the simulation 
model, and for the bottom asymptotic curve recruitment was equal to that obtained with 
F = 2.0 with the simulation model. 
cient, F is the instantaneous fishing mortali ty coefficient, R is the number  
of recruits, xM is age at recruitment, and x v is the oldest age attainable. For 
the walleye population, the parameter  estimates were K =  0.35 per year, 
Win f = 4233 g, M = 0.39 per year, xM = 4 years, and xv = 8 years (Jensen, 
1989). 
The shape of the yield curve for the Beverton and Holt (1957) model  is 
different from the shape of the yield curve for the simulation model. With 
the simulation model, yield increased to a maximum at about F = 0.60, and 
began to decrease (Fig. 1). In the simulation model increasing effort at first 
more than offsets the decrease in abundance resulting from the decrease in 
recruitment, but as effort cont inues  to increase, the decrease in recruitment 
begins to outweigh the returns from an increase in effort, and further 
increase in fishing mortality results in a decrease in yield. In the Beverton 
and Holt (1957) model, when an opt imum yield occurs it results f rom a 
balance of growth against mortali ty with recruitment constant,  but  for 
walleye there is no opt imum yield; walleye natural mortali ty is too high. 
With a constant fishing mortality the two models give similar results. The 
top asymptotic curve (Fig. 1) is yield calculated with the Beverton and Holt 
(1957) model with recruitment from the simulation model for an unexploited 
population. The middle asymptotic curve is yield calculated with the Bever- 
ton and Holt (1957) model with recruitment from the simulation model  for a 
fishing mortality coefficient of 1.0. The bot tom asymptotic curve is yield 
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TABLE 1 
Results of sensitivity analysis of model parameters 
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Parameter Output 
Recruitment Adult abundance Biomass 
H 0.0865 0.0847 0.0478 
S 0.3251 0.3358 0.4736 
n 9.5637 224.0792 74.8418 
m - 7.9203 - 8.3568 - 9.2507 
C 2.1649 2.6667 6.2567 
x,, - 2.1975 -2.4195 -0.0844 
k - 1.2831 - 1.6067 - 3.0372 
v - 1.0613 - 1.0504 - 0.6055 
W(0) 0.1872 0.1834 0.1038 
g - 0.8009 -0.7862 -0.4394 
calculated with the Beverton and Holt (1957) model with recruitment from 
the simulation model for a fishing mortality of 2.0. With similar recruitment 
levels the two models give similar yields, but the Beverton and Holt (1957) 
model assumes fishing has no effect on recruitment and the simulation 
model indicates that exploitation has a considerable effect on recruitment. 
The sensitivity of simulation results to parameter values was determined 
by calculating sensitivities as 
T ( p ) =  A ( p ) O  (5) 
 (O)p 
where A(p)  is change in a parameter value, A(O) is change in output, O is 
the original output, and p is the original parameter value. T(p)  = 1 indi- 
cates change in output is the same as change in input; T ( p )  < 1 indicates 
less change in output  than input, and T ( p ) >  1 indicates output  changes 
more than input. The resulting sensitivities (Table 1) indicate that the 
exponents m and n have a large effect on the results, and that the 
parameters C and x m also are important.  Of these, only the value of the 
parameter C has been determined by calibration of the model to the data. 
SIMULATION WITH VON BERTALANFFY GROWTH EQUATION 
Simulations were done with: (a) the von Bertalanffy growth equation and 
age specific mortalities, (b) food limited bioenergetic growth and age-specific 
mortality, (c) food-limited bioenergetic growth and size specific mortality, 
and (d) food-limited bioenergetic growth and aged at maturi ty dependent  on 
size. In simulations with the von Bertalanffy growth equation and age 
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specific mortalities there was no compensation for fishing mortality and the 
population decreased to extinction when fished. 
SIMULATION WITH FOOD-LIMITED BIOENERGETIC GROWTH AND AGE- 
SPECIFIC MORTALITIES 
Growth of walleye has been studied extensively. Large variations in 
growth rates may occur between year classes and among individuals of the 
same year class, and an inverse relation between walleye population density 
and growth rate is well documented (Colby et al., 1979). One of the most 
important factors affecting growth of walleye is the amount of forage 
available (Colby et al., 1979). The relation between weight and fecundity is 
almost linear (Johnston, 1977). 
In simulations with food-limited bioenergetic growth and constant age- 
specific mortalities, the population compensated for increases in mortality 
(Fig. 2). The simulations started at a low density and it took about 65 years 
to attain the carrying capacity. The rate of population increase was low. 
At first, the number of spawners and recruits at equilibrium both decrease 
gradually with increase in fishing mortality, but then a steeper decline occurs 
with further increase in fishing mortality (Fig. 3). As fishing mortality 
increases, the population compensates with an increase in growth of individ- 
uals which increases the population's production of eggs. The importance of 
this mode, of compensation has been overlooked in previous studies. After 
maximum growth is attained, further increase in mortality cannot be offset, 
and both the number of spawners and the number of recruits decrease 
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Fig. 2. Millions of spawners and recruits over time with food-limited bioenergetic growth. 
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Fig. 3. Millions of spawners and recruits as a function of fishing mortality coefficient with 
food limited bioenergetic growth. 
spawners because a rapid change in age structure of the adult population 
occurs-when fishing mortality increases. 
As fishing mortality increased, yield increased to a maximum of 0.8 
million kg at a fishing mortality of about 0.30 per year, and then yield 
decreased to zero as fishing mortality continued to increase (Fig 4A). The 
relation between fishing mortality and yield for the simulations is similar to 

























Fig. 4. (A) Relation between increase in instantaneous fishing mortality coefficient and yield 
with food-limited bioenergetic growth. (B) Relation between biomass and yield with food- 
limited bioenergetic growth. 
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1954); however, at high fishing mortalities yield decreases directly to zero 
with the parabola, and in the simulation model zero yield is approached 
asymptotically. The relation between biomass and yield given by the simula- 
tion model indicates that the maximum sustainable yield is produced at a 
biomass of about two-thirds of the carrying capacity (Fig. 4B), as compared 
to one-half the carrying capacity for the logistic surplus production model 
(Schaefer, 1954). 
SIMULATION WITH FOOD-LIMITED BIOENERGETIC GROWTH AND SIZE- 
SPECIFIC MORTALITIES 
Northern pike and many other species feed on walleye fry, and saugers, 
bullheads, burbot, and yellow perch feed on walleye YOY (Colby et al., 
1979). Size specific predation could be important. In the simulation model, 
if mortality is dependent on size, as in the Peterson and Wroblewski (1984) 
equation, the capacity to compensate for fishing mortality is much in- 
creased. The population attains a carrying capacity in only 10 years with a 
relation between size and mortality (Fig. 5) as compared to 65 years without 
such a relation (Fig. 2), indicating that the resilience of a population is much 
higher with this additional compensation process. The population growth 
curves were somewhat 5-shaped, as for logistic population growth (Fig. 5); 
however, there were bumps and an overshoot of the carrying capacity that 
resulted from the reproductive time lag. Walleye mature and are recruited at 
age 4, and in the simulation model it takes 4 years for changes in abundance 
of adults to be reflected in recruitment. The reproductive time lag does not 
produce lasting cycles in abundance. 
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Fig. 5. Millions of spawners and recruits over time with food-limited bioenergetic growth and 
a dynamic size mortality relation. 
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Fig. 6. (A) Relation between yield and fishing mortality with food limited bioenergetic growth 
and a dynamic size mortality relation. (B) Relation between yield and biomass with food- 
limited growth and a dynamic size mortality relation. 
The yield curve obtained with the simulation model is similar to that 
obtained with the Beverton and Holt (1957) model with constant recruit- 
ment, low natural mortality, and high rate of growth (Fig. 6A). As fishing 
mortality increases, yield increases to a maximum of about 0.95 million kg at 
a fishing mortality of 0.65 per year, and then yield begins to decrease 
gradually with further increase in fishing mortality. Yield does not decrease 
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Fig. 7. Millions of spawners and recruits as a function of fishing mortality with food-limited 
bioenergetic growth and a dynamic size mortality relation. 










0 ' 1 l!s ~ 2!5 ; 5!5 ~, 4!5 0.5 
MILLIONS OF 
SPAWNERS 
Fig. 8. Association between spawners and recruits with food-limited bioenergetic growth with 
(top) and without (bottom) dynamic size mortality relation. 
obtained at a biomass of slightly less than one-half the carrying capacity 
(Fig. 6B). 
As fishing mortality increases, both the number of spawners and the 
number of recruits decrease exponentially (Fig. 7); the population becomes 
dominated entirely by new recruits when fishing mortality is high, and it is 
these new recruits that sustain the fishery. 
The number of recruits is not determined by the number of spawners, but 
the association between spawners and recruits can be determined (Fig. 8), 
and it is similar to that given by Beverton and Holt (1957). This also is the 
relation that Ricker (1975) assumed would occur with food limited growth. 
In the simulations the spawner-recruit  relation is not a cause and effect 
relation; the number of spawners does not determine the number  of recruits. 
The spawner-recruit relation does not provide population regulation in the 
computer model, and the compensation process, which is food limited 
growth, determines both the number of spawners and the number  of 
recruits. 
SIMULATION WITH FOOD-LIMITED BIOENERGETIC GROWTH AND AGE AT 
MATURITY A FUNCTION OF SIZE 
Age at maturity varies considerably among walleye stocks and it is 
generally inversely related to growth rate, which in turn is affected by the 
amount of food available (Colby et al., 1979). Northern stocks mature later 
and over a larger number of years than southern stocks and heavily 
exploited stocks (Colby et al., 1979). A trend towards earlier maturity among 
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Fig. 9. (A) Millions of spawners and recruits with food-limited bioenergetic growth, age at 
maturity a function of size, and a low fishing mortality. (B) Millions of spawners and recruits 
with food limited bioenergetic growth, age at maturity a function of size, and a high fishing 
mortality. 
more rapidly growing fish has been reported in Oneida Lake, New York, 
and a similar trend was observed for heavily exploited stocks in Saginaw 
Bay, the western basin of Lake Erie, and Dexter Lake, Ontario (Colby et al., 
1979). In Lake Erie the percent of walleye maturing at age 3 increased from 
40 to 80 during a period when the stock size declined markedly (Shuter and 
Koonce, 1977). Age and size at maturity within a given population vary with 
food availability (Colby et al., 1979). 
With age at maturity a function of size, the simulation model indicates 
that there is a high capacity to increase, similar to that with size specific 
mortality. If fishing mortality is low, population size fluctuates (Fig. 9A). If 
fishing mortality is high, the fluctuations in abundance disappear (Fig. 9B). 
The fluctuations are caused by changes in age at maturity which produce 
large changes in recruitment and abundance. The proportion of each age 
group spawning was determined by the number larger than weight at 
maturity at spawning using the logistic distribution to describe the weights 
at age. As the growth rate changed the numbers added to or removed from 
the adult population changed gradually. 
The relation between yield and fishing mortality is similar to the relation 
obtained with food-limited bioenergetic growth and size-specific mortality 
(Fig. 10). Yield is slightly higher with age at maturity a function of size. 
With age at maturity a function of size the number of spawners and 
recruits did not decrease smoothly as fishing mortality increased (Fig. 11). 
When age at maturity begins to decrease there is a large increase in the 
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Fig. 10. Relation between yield and fishing mortality with food-limited bioenergetic growth 











0 ~ 2 
~ 1.g 
S P A W N E R S  
0!2 0'., 0'.6 0'.8 I 1!~ 1'., 1'.6 1'.8 ' 
I N S T A N T A N E O U S  
F ISHING M O R T A L I T Y  
Fig. 11. Millions of spawners and recruits as a function of fishing mortality with food limited 
bioenergetic growth and age at maturity a function of size. 
n u m b e r  o f  recruits  d u e  to the  large n u m b e r  o f  i n d i v i d u a l s  in  y o u n g e r  age  
groups .  
GENERAL DISCUSSION 
T h e  s i m u l a t i o n s  h a v e  ap p l i e d  pr oc e s se s  p r o p o s e d  for  f i sh  p o p u l a t i o n  
regu la t ion  to  s h o w  that  these  proces se s  c o u l d  adjust  p o p u l a t i o n  s ize  to  a n e w  
s table  level  w h e n  f i sh ing  m o r t a l i t y  increases .  D a t a  ava i lab le  for  v e r i f i c a t i o n  
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of the processes and for estimation of parameters are limited, but there are 
extensive life history data that suggest the processes and parameter estimates 
used in the simulation model are reasonable. Forney (1977) hypothesized 
that walleye were regulated by biological factors; the concurrent responses 
of growth and recruitment to variation in prey abundance. Strong year 
classes developed in years when growth was rapid because of high prey 
density, which enhanced growth and reduced mortality (Chevalier, 1977; 
Forney, 1977). 
Population processes are difficult to fully document  in the laboratory 
because population densities in laboratory studies are many times higher 
than in the field, and laboratory environments do not have the complexity of 
natural environments. Confirmation in the field also is difficult. A large 
number of interrelated factors operate, spatial and temporal variation are 
high, and a single observation per year is obtainable for recruitment. For 
fishes, processes that operate on early life stages are most important,  and 
data for early life stages are highly variable, and difficult to obtain. Small 
changes in larval survival rates, changes that are impossible to detect, are 
biologically significant. This has led to nonconclusive results in field studies 
(e.g., Serns, 1982, 1984). 
Mathematical models and computer simulations are of some help in this 
situation. The processes hypothesized for population regulation can be 
quantified in mathematical models, and the models can be applied to 
determine the potential for compensation provided by the processes and to 
determine changes in life history variables that are necessary for population 
regulation to occur, and that need to be detected in the field. 
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